The current study develops a tri-variate framework that accommodates for inherent dependencies 2 across the various components of incident duration. A unique ordered response model structure 3 (sometimes referred to as grouped ordered response model) is introduced for modeling three 4 durations -reporting time, response time, and clearance time -in our study. Further, as opposed to 5 employing a simulation oriented multivariate model approach, we propose and estimate a copula 6 based methodology that allows for a closed-form probability computation. The approach is the 7 first application of this model for incident duration analysis. The proposed copula framework is 8 estimated to identify factors affecting incident duration components from a host of characteristics 9 including incident characteristics, traffic conditions, roadway, and environmental characteristics.
Naveen Eluru*
Traffic congestion can generally be attributed to either recurring or non-recurring events.
2
Congestion arising from recurring events is generally a result of mismatched transportation 3 demand and supply (or capacity). Non-recurring congestion, on the other hand, is a result of 4 unexpected (or irregular) events such as abandoned vehicles, adverse weather, spilled loads, 5 highway debris, and traffic crashes. The potential solutions for congestion arising from these two 6 sources are vastly different. In our research, we focus our attention on non-recurrent congestion. is consumed every year in US due to incident-related congestion events (3) . Moreover, longer 12 incident durations can increase the risk of secondary incidents (4) . Consequently, transportation 13 agencies are developing traffic incident management strategies to reduce the overall duration of 14 incidents to minimize their impacts on travelers and environment.
15
The overall incident duration, as identified by the Highway Capacity Manual (5), is 16 composed of the following four phases: Notification time, Response time, Clearance time and
17
Traffic recovery time (6) . Incident clearance (third phase) is usually the longest component of the plans. An important factor affecting incident clearance is the personnel involved. In the state of 24 Florida, in addition to the traditional agencies, a road ranger service patrol assists in the incident 25 clearance process. Specifically, Florida Department of Transportation (FDOT) offers a unique 26 service via road ranger service patrol to offer free assistance to road users on highways to reduce 27 delay while enhancing safety for the public. Since its inception, the road ranger service has offered 28 nearly 4.3 million assists (7) . The objectives of the program include reducing traffic crashes, 29 assisting the Florida Highway Patrol to reduce incident duration, providing assistance to disabled 30 or stranded vehicles, removing road debris, and increasing safety at incident sites. Toward meeting 31 these goals, the Road Ranger trucks monitor congested areas and high incident locations of the 32 urban expressway for road debris, traffic crashes or incidents, and stranded vehicles. In this 33 research, we examine incident clearance duration with a specific emphasis on the impact of road log-linear model) would perform poorly. The same drawback will apply to hazard duration models.
18
On the other hand, our approach by allowing the grouped alternatives reduces the sensitivity of the Finally, as opposed to employing a simulation oriented multivariate model approach, we 22 propose and estimate a copula based methodology that allows for a closed-form probability terms can be defined as: 8 9 ( 1 , 2 , 3 , … , I ) = ( 1 < 1 , 2 < 2 , 3 < 3 , … , < )
where is a parameter vector of the copula commonly referred to as the dependence parameter ( 1 , 2 , 3 , … , ) = Pr ( 1 < 1 , 2 < 2 , 3 < 3 , … , < )
The specification defined in equation 2 offers an approach to develop different dependency 
where, is a constant, is a set of exogenous variables associated with duration component 5 in incident and is the corresponding vector of parameters to be estimated. The parameterization 6 allows for the variance to be different across events accommodating for heteroscedasticity. Given 7 these relationships across the different parameters, the probability for duration component for 8 time interval in category is given by:
where, (•) is the standard logistic distribution function.
12 13
Joint Model Formulation and Estimation

14
In examining the grouped time intervals across different duration components simultaneously, the ( 1 , 2 , 3 ) = Pr ( 1 < 1 , 2 < 2 , 3 
where, is the copula density. It is important to note here that, the level of dependence between 23 grouped time interval levels across different duration components can vary across clusters.
24
Therefore, in the current study, the dependence parameter is parameterized as a function of 25 observed attributes as follows: 
11
The parameters to be estimated in the model may be gathered in a vector Ω = 
16
The likelihood function to be maximized is then given by:
19
In our analysis we employ four Archimedean copulas Frank, Clayton, Joe and Gumbel 20 copulas (a detailed discussion of these copulas is available in (9)). The estimation routines for the 21 models in current study are coded in GAUSS Matrix Programming software (see (48)). The empirical analysis involves four different families of copula models estimation to explain the 5 dependence between reporting, response, and clearance times of traffic incidents. An independent 6 copula model (separate ordered group response models for incident durations) is estimated to 7 establish a benchmark for copula structure selection. The copula models estimated in our analysis Table 3 . Please note that the Clayton copula models collapsed to the independent model (thus 15 instead of 9 rows, we have only 7 rows). Based on the model fit comparison, several copula models 16 offer improved fit relative to the independent model supporting our hypothesis that those three 17 components of incident duration exhibit strong dependency. Among the copula models, the
18
Gumbel parameterized model offers the most significant improvement in log-likelihood and lower
19
BIC. Henceforth, the Gumbel parameterized model structure is described in detail. 
Estimation Results
24
In this section, the results for the Gumbel-Parameterized copula based model are presented. In 
Incident Characteristics
5
The results highlight a variation in duration based on event type. Specifically, major incidents such 6 as incidents involving multiple vehicle or crash events tend to have longer response times (15). On 7 the other hand, minor incidents such as disabled vehicles have lower response and clearance times.
8
Abandoned vehicle and debris events are found to be associated with shorter response delays 9 compared to other activities. Tire services such as a tire change leads to longer response time.
10
Mechanical activity associated events (such as engine, gas, overheating activities) are found to be 11 significantly associated with shorter clearance time.
12
In terms of notification personnel, if the incident is notified by a police officer, reporting was considered in the model. According to the results, longer distances for CBD tended to have 7 longer response delays and clearance durations. This finding is consistent with a study effort which 8 indicates that longer distances from CBD tend to increase the total incident duration (17).
10
Environmental Characteristics
11
Among the months considered in the models, summer months were found to significantly 12 influence the reporting and response times. For example, when incidents occur in July, August or 13 September; reporting and response times reduce relative to reporting and response times for all 14 other months. The reasons for the differential impacts in these months is not immediately apparent.
15
It is possible that during these months, traffic volumes in Central Florida region are lower as the 16 universities and schools are closed. The result warrants future investigation. 17 18 Alternative Specific Effects
19
In the grouped ordered specification of the joint model, we also estimate alternative specific Table 4 . From Table 4 , we can see that the suitable copula model is obtained for Gumbel copula with parameterization for dependence profile.
13
The model estimates were also augmented by conducting policy analysis and 3-dimensional 14 representation of incident frequencies as a function of reporting, response, and clearance time.
15
The reader would note that the proposed copula approach can be employed to consider for endogeneity is an avenue for future research. 
